INTRODUCTION
Stacking interactions between adjacent bases play an important role in the formation of nucleic acid duplexes (1) . Several studies of stacking interactions in RNA and DNA have been reported to date (2) (3) (4) (5) . The term base stacking hybridization was coined to describe the additional stability of DNA achieved by hybridization between two or more contiguously tandem DNA oligonucleotides and a larger complementary single-stranded DNA (ssDNA) (6) .
Base stacking hybridization has been used to increase the efficiency of discrimination between perfect and mismatched DNA duplexes on 3-D gel pad microchips (1, (6) (7) (8) (9) (10) (11) (12) (13) . Recently, capture probes containing polymorphic sites immobilized on microarrays were employed to hybridize with target DNAs to detect mutations assisted by stacking oligonucleotides (14, 15) . This method requires only one round of hybridization and is simpler than all the previous protocols (14, 15) . The results of mismatch discrimination studies with base stacking hybridization on mi-croarrays were affected by several factors: (i) the difference in the adjacent bases between the capture probe and stacking oligonucleotide; (ii) the types of base mismatches; and (iii) the length of the capture probes. Although the first two factors have been intensively studied, few papers have dealt with the last factor. Maldonado-Rofriguez and coworkers (14, 15) have investigated changes of mismatch discrimination using microarrays that contained capture probes of different lengths (5-9 nucleotides), and their results suggested that capture probes with 9 nucleotides were the better ones. However, short capture probes of fewer than 10 nucleotides have low hybridization sensitivity and efficiency (16) . In addition, traditional base stacking hybridization procedures used to identify sequence variations on microarrays were tedious and time-consuming, especially in the preparation of singlestranded target DNAs.
The goal of our study was to examine the efficiency and sensitivity of mismatch discrimination using base stacking hybridization on microarrays with size-varied capture probes. We sought to develop a simplified protocol to make this method more efficient, sensitive, and reliable when combined with the DNA microarray technology that could be employed for clinical diagnosis and other applications in the future.
MATERIALS AND METHODS

Oligonucleotides
All oligonucleotides were synthesized, labeled, and gel-purified by BioAsia (Shanghai, China). Table 1 lists the names, sequences, and intended roles of these oligonucleotides.
Fluorescence-Labeled Asymmetric PCR
Plasmids containing three human leukocyte antigen (HLA)-A genotypes (0206, 2601, and 2902) were used as templates. PCR amplifications were carried out in a 50-µL total reaction volume containing 1× PCR buffer (Takara, Dalian, China), 0.2 mM dNTPs, 0.02 mM Cy5-dCTP, 0.5 U Taq DNA polymerase (Takara), 0.5 µM HLA-primer-1, and 0.02 µM HLAprimer-2 on a Perkin Elmer 9600 thermal cycler (Perkin Elmer Life Sciences, Gaithersburg, MD, USA). PCR temperature and time sequences were 96°C for 3 min, followed by 25 cycles of 96°C for 25 s, 71°C for 45 s, 72°C for 30 s, and then 8 cycles of 96°C for 25 s, 68°C for 1 min, 72°C for 2 min, with a final extension step at 72°C for 10 min.
Construction of Oligonucleotide Microarrays
Capture probes were dissolved in 50% dimethyl sulfoxide (DMSO) to make 10-µM working solutions. A commercial arrayer, the PixSys5500 (Cartesian Technologies, Irvine, CA, USA), was employed to spot oligonucleotides onto aldehyde-modified glass slides. The spot size was approximately 150 µm, and the center-to-center distance between adjacent spots was 300 µm. To verify the reproducibility, four spots were printed for each oligonucleotide on the same glass slide. Efficiencies of mismatch discrimination using size-varied capture probes were examined at various hybridization temperatures. The probes were 17, 15, 13, 11, 9, and 7 nucleotides long and contained single-base mismatches at their 3′ ends. The optimal signal intensity and efficiency of base stacking hybridization on mismatch discrimination were observed for capture probes with a melting temperature (T m ) value of 36°C, in the detection of DNA sequence variations at 40°C. We employed asymmetric PCR to prepare single-stranded target DNA labeled with a fluorescent dye, and the PCR product was hybridized on the DNA microarray with no further purification. Our efforts have enhanced the sensitivity and simplified the procedures of base stacking hybridization on mismatch discrimination. As a model experiment, this improved technology was used to identify plasmid templates of human leukocyte antigen (HLA)-A alleles 2601, 2902, and 0206 on oligonucleotide microarrays. It is now possible to apply this simple, rapid, sensitive, and reliable base stacking hybridization technology to detect DNA sequence variations on microarrays in clinical diagnosis and other applications.
Single nucleotide polymorphism discrimination assisted by improved base stacking hybridization using oligonucleotide microarrays
Pre-Annealing of Stacking Oligonucleotide to Target DNA
Stacking oligonucleotides were preannealed to the unpurified asymmetric PCR product in a 8.1-µL reaction mixture containing 6× standard saline citrate (SSC), 0.1% sodium dodecyl sulfate (SDS), 2.78 pmol stacking probe, and 1.5 µL unpurified PCR products. The pre-annealing conditions were 98°C for 3 min, 55°C for 15 min, and 4°C for 5 min.
Hybridization and Washing
The pre-annealed reaction mixture was allowed to hybridize to the oligonucleotide microarrays at the indicated temperature for 2 h. When the hybridization was complete, the microarrays were washed in 50 mL washing buffer containing 0.1% SDS and 2× SSC (0.3 M NaCl, 0.03 M Na 3 -citrate, pH 7.0) for 15 min, followed by a double-distilled water rinsing at room temperature for 2 min. The glass slides were centrifuged to dryness in 50-mL conical tubes at 120× g for 1 min.
Array Scanning and Data Analysis
The arrays were scanned on a Scan-Array ® 4000 scanner (GSI Lumonics Kanata, Kanata, ON, Canada) (laser power, 70% and photomultiplier tube, 57%), and the obtained images were analyzed with a GenePix ® Pro 3.0 software (Axon Instruments, Union City, CA, USA). In this report, the relative fluorescence intensity of a capture probe was defined as the signal after subtraction of half of the background fluorescence. Each data set was obtained from four identical arrays in two slides.
RESULTS AND DISCUSSION
Effects of Hybridization Temperature
Of the eight possible single-base mismatches, G/G is one of the easiest mismatch types to discriminate, while Name Sequence T m (°C) Role The melting temperature (T m ) values of the capture probes were calculated by T m = 2×(A+T) + 4×(G+C). G/T is the most difficult one (16) . In our study, we chose G/G and G/T mismatches as models to examine the efficiency of discrimination with capture probes of different lengths using base stacking hybridization on microarrays. The target DNA for hybridization was HLA-A type 2601, and the array was constructed by capture probes derived from HLACP1 to HLACP18. These probes are adjacent to HLASO1 in the complementary single-stranded HLA-A 2601. Figure 1 shows that the fluorescence intensities of hybridization initially increased with temperature, followed by signal decreases in perfectly matched capture probes from 15°-75°C. Mismatch discriminations can be deter-mined by the ratios of relative signal intensities of perfectly matched hybridizations to mismatched ones obtained under the same experimental conditions. Table 2 lists the temperatures to obtain the best discrimination on G/G mismatch and G/T mismatch with 17, 15, 13, 11, 9, and 7 nucleotide capture probes.
Effects of the Capture Probe Length
For the G/G mismatch and G/T mismatch, the optimal signal ratios of perfectly matched and mismatched duplexes have been listed ( Table 2 ). The highest discrimination efficiency was obtained for a capture probe of 11 nucleotides. The hybridization signal of 9-and 7-nucleotide capture probes was so low that their discrimination ratios could not represent their true discrimination efficiency in this study (Table 3 ).
Our results indicated that the 11and 13-nucleotide capture probes, with single base mismatches at their 3′ terminals, could clearly discriminate perfectly matched duplexes from G/G or G/T mismatched duplexes. For the sake of higher ratio of signals from perfectly matched to mismatched duplexes, the 11-nucleotide capture probe is more suitable for base stacking hybridization studies than the 13-nucleotide capture probe.
The stability of DNA duplexes plays the most important roles in mismatch discrimination (3) . The more stable the DNA duplexes are, the weaker the destabilizing effect of the mismatches. Usually, it is the melting temperature (T m ) value and not the length of DNA duplexes that indicates the stability of DNA duplexes. Therefore, 11 nucleotides, the optimal length of the capture probe in this report, was not universal and will be changed in different conditions, such as different hybridization buffer and different sequences. The T m value of optimal capture probes may be more useful than the length of 11 nucleotides. As listed in Table 1 , the T m values of perfectly matched capture probes of 11 and 13 nucleotides were 36° and 42°C, respectively. This provides a useful guide for designing capture probes in DNA base variation detection assisted by base stacking hybridization. Therefore, the length of the capture probes utilized in the HLA genotyping was 10 nucleotides because the T m value of these capture probes was approximately 36°C.
Single-Stranded Target DNA Preparation
Unlike double-stranded DNA (dsDNA) targets, single-stranded target DNA can enhance hybridization efficiency remarkably on oligonucleotide microarrays. In previous reports of base stacking hybridization, single-stranded target DNA was mainly prepared by streptavidin-coated magnetic beads (14, 15, 17, 18) or by single-primer reamplifying PCRs, followed by purification using electrophoresis (7) . Those Figure 1 . Effects of hybridization temperature and capture probe length on the signal intensity of perfectly matched capture probes on microarrays. The target DNA sequence (283-327) complementary to capture probes and stacking oligonucleotide HLASO1 was 5′-GTAGTAGCCGCGCAGGGTCC-CCAGGTTCgCTCGGTCAGTCTGTGA-3′, where g is a single-base variation in HLA-A 2601 DNA sequence. Capture probes immobilized on microarrays were derived from HLACP1 to HLACP18. Note that the scale of the ordinate is logarithmic. AU, arbitrary unit; nt, nucleotide.
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methods were laborious and often yielded low amounts of ssDNA.
Here fluorescence-labeled asymmetric PCR was used to prepare ssDNA and to label the single-stranded target DNA with Cy5-dCTP simultaneously. In addition, the fluorescence-labeled asymmetric PCR product needed no further purification and could be hybridized directly to oligonucleotide microarrays after being pre-annealed with stacking oligonucleotides. Fluorescence-labeled asymmetric PCR significantly simplified the overall process of mutation and SNP detection using base stacking hybridization on microarrays, making it more suitable for disease diagnosis and other applications.
Based on previous reports, the labeling efficiency of target DNA in base stacking hybridization reactions was also low because one fluorescence molecule or one 32 P was usually labeled on one target molecule. Here the singlestranded target DNA was labeled with Cy5-dCTP through PCR, and one 1000nucleotide DNA molecule could be labeled with approximately 10 Cy5 molecules (data not shown). In our study, the target DNA for hybridization was 1098 nucleotides; therefore, one target DNA molecule was labeled with approximately 10 Cy5 molecules. Using this improved method, only 1.5 µL asymmetric PCR products were adequate for the hybridization against capture probes immobilized on planar microarrays.
HLA Genotyping Using Base Stacking Hybridization on Microarrays
HLA is one of the most important immune systems in the human body, and HLA genotyping plays an important role in the identification of suitably matched recipients for donors and patients (19, 20) . The improved base stacking hybridization was applied to identi-fy HLA types of HLA-A 0206, 2601, and 2902 on microarrays. Figure 2 lists the detailed information of variant positions, capture probes, and stacking oligonucleotides. The T m values of these four capture probes were near 36°C (as listed in Table 1 ). The asymmetric PCR product from different plasmid was directly mixed with stacking oligonucleotides, HLASO2 and HLASO3, in hybridization buffer for pre-annealing with no further purification and allowed to hybridize to oligonucleotide microarrays at 40°C for 1 h.
When the base mismatches were at the end of capture probes, the hybridization results in Figure 2 revealed differences in hybridization signal intensity between perfectly matched and mismatched duplexes, including G/T and A/C mismatches, which were the most difficult to discriminate by the classical allele-specific oligonucleotide (ASO) method on microarrays. HLA-A types 0206 and 2902 can be discriminated unambiguously on the same microarray. When the PCR products of HLA-A 2601 were hybridized with microarrays, the mismatch was in the middle of capture probe HLACP19, and the hybridization signal of HLACP19 was stronger than that of the capture probes with mismatches at the end. Therefore, the discrimination efficiency was decreased ( Figure 2B ). This provides another useful guide for designing capture probes in DNA sequence variation detection assisted by base stacking hybridization.
In conclusion, the goal of this study was to evaluate the effects of size-var- ied capture probes on mismatch discrimination using base stacking hybridization on microarrays to improve the efficiency of hybridization and sensitivity in detection. After evaluation, we considered the capture probes with a T m value of 36°C (11 nucleotides) and not 26°C (9 nucleotides) as reported previously (15) were the best capture probes for hybridization-based mismatch discrimination using base stacking hybridization on microarrays. In addition, by employing fluorescence asymmetric PCR to produce singlestranded target DNA for hybridization, we sufficiently simplified the overall process of mismatch discrimination using base stacking hybridization on microarrays. Furthermore, this improved method was applied for the typing of three HLA alleles, HLA-A 0206, 2601, and 2902 on microarrays. When the variant sites were at the end of capture probes, single-base mismatches could be discriminated distinctly, suggesting that the improved procedure was capable of simultaneously analyzing numerous sequence variations within one or more target DNA sequences on highthroughput oligonucleotide microarrays. This simple, fast, and reliable discrimination method has the potential to be employed in disease diagnosis and other practices. Current studies of these applications are under way, and the results will be reported in the future.
